Microstructured optical fibers are increasingly used in optical fiber sensing applications such as for example optical fiber based structural health monitoring. In such an application the fiber may experience substantial mechanical loads and has to remain functional during the entire lifetime of the structure to be monitored. The resistance to different types of mechanical loads has therefore to be characterized in order to assess the maximum stress and strain that a fiber can sustain. In this paper we therefore report on the extensive set of tensile tests and bending experiments that we have conducted both on microstructured optical fibers with an hexagonal air hole lattice and on standard optical fibers. We use Weibull statistics to model the strength distribution of the fibers and we follow a fracture mechanics approach in conjunction with microscopic observations of the fractured end faces to study crack initiation and propagation in both types of fibers. We show that the failure strain of microstructured fibers is about 4.3% as obtained with tensile tests, compared to 6.7% for reference fibers. Although the mechanical strength of microstructured optical fibers is lower than that of the standard fibers it is still adequate for these fibers to be used in many applications.
Microstructured optical fibers (MOFs) have found applications in supercontinuum sources, fiber lasers and fiber sensor systems 1 . In these applications the MOFs need to be bent, coiled or strained. To ensure the reliability of fiber-based systems the mechanical failure of optical fibers must be avoided. Whereas the tensile and bending strength of conventional telecommunication grade optical fibers have been extensively studied in the last two decades 2, 3 , the mechanical reliability of MOFs remains insufficiently assessed. Their particular micro-structure, made of air holes running along the entire fiber length, may affect their mechanical strength when compared to conventional step-index fibers 4 . It is well-known that optical fibers typically fail at the external silica surface of the fiber cladding and therefore the extra silica-air interfaces in MOFs could act as additional potential crack sources 5 . It is hence crucial to characterize the mechanical reliability of such MOFs in order to assess the maximum stress and strain that they can sustain without being damaged.
We therefore carried out a systematic study of the mechanical reliability of MOFs under tensile load and in bending. The experiments have been performed on five MOFs, drawn for the same silica preform, with increasing outer diameters (from 100 to 250 µm). The mechanical strength of these MOFs was compared with two reference fibers: a standard commercially available telecommunication grade optical fiber and a uniform silica fiber. We analyzed the experimental data using a two-parameter Weibull distribution. This approach allows comparing the mechanical strength of the different fibers and provides an indication of the defect distribution along the fibers. An inspection of the fractured surfaces of both bent and tensile tested fibers has also been conducted using scanning electron microscopy to identify the failure mechanism.
The rest of our report is structured as follows: in section 2 we introduce the theoretical background of the mechanical failure of optical fibers and the statistical treatment of the data with Weibull theory. In section 3 we describe the characteristics of the tested specimens and the experimental setups. Section 4 deals with the results of the mechanical tests and we compare the behavior of the optical fibers in terms of their microstructure. In section 5 we report on the scanning electron microscope observations of the fractured end faces of the optical fibers submitted to the different loading conditions. Finally we conclude on the mechanical reliability of MOFs in general and also on their potential to be used in strain sensing systems.
THEORY

Theory of flaws
The strength of glass is governed by the random distribution of the size, orientation and location of flaws in the glass regions under stress. The theoretical strength of silica optical fibers is given by its atomic potential and it is as high as 14 GPa 6,7 . However as fused silica glass is a brittle material, optical fibers will break at much lower stress typically around 5 GPa. The difference between the theoretical and practical strengths is due to the presence of cracks and flaws mainly distributed on the optical fiber outer surface. Any flaw or inclusion in the silica structure will locally amplify the stress that the fiber undergoes upon loading. This effect is usually modeled by defining a stress intensity factor K I , which depends on the applied stress, the loading configuration and the initial flaw geometry 8, 9 . Catastrophic failure occurs when the stress intensity factor at the crack tip K I reaches a critical value K IC , to which one refers as the fracture toughness of the material. This is a material parameter and for silica glass 6 K IC = 0.75 MPa.m 1/2 .
During use of the MOFs cracks grow in an atmosphere that may contain water or water vapor. This may lead in its turn to the occurrence of stress corrosion 10 of the fiber. The hydrolysis of silica bonds then leads to observed strengths that are lower than those encountered in an inert atmosphere.
Weibull statistic
Mechanical test results have been analyzed using Weibull statistics, as this approach is commonly used to characterize the statistical variation in the fracture strength of brittle materials 11 . It is based on a weakest link theory, which postulates that failure of a material containing a large number of statistical independent volumes is triggered by the failure of one of the reference volumes. The defect criticality is also governed by the defect geometry and nature, by the stress state and by its magnitude 12 . This theory is based on three major assumptions: first the strain and stress relationship follows Hooke's law; second, the failure is induced by a homogeneous population of independent defects and third, the strength is time dependent. For identical fibers and for the same gauge length, a two-parameter Weibull cumulative distribution function is described by equation (1): ( 1 ) in which P is the probability of failure, σ f is the failure stress, σ 0 is a scale parameter and m is a shape parameter which is often referred to as Weibull modulus. The previous equation can be simplified to the linear relationship given by equation (2):
The plot of ln[ln(1/(1-P))] versus ln(σ) is called a Weibull diagram. It allows extracting the parameters m and σ 0 . The parameter m characterizes the flaw size dispersion population of the tested optical fiber and the parameter σ 0 is the stress for which the cumulative failure probability P is equal to 63.2 %. In the linear regression method the obtained breaking stresses σ f are ranked in ascending order and a rupture probability P i is associated with each value of the breaking stress. Different estimators have been proposed to define the cumulative failure probability; they depend on the population of tested fibers 13 . In this work the estimator given by equation (3) has been used in the linear regression method since it is assumed to be the least biased estimator for a population smaller than 50 specimens 14 .
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If the rupture is characterized by a single defect category, ln[ln(1/(1-P))] varies in a linear way with ln(σ) and the parameter m is given by the slope of this curve. If the plot does not vary in a linear manner over the entire range but presents a knee, the latter indicates the transition of one defect distribution to another and implies that the rupture is due to at least two distinct flaw categories.
EXPERIMENTAL APPROACH
Sample description
Three types of optical fibers are under study in this work.
• Five microstructured optical fibers of decreasing silica glass diameter (from 252 µm to 100 µm) are investigated. They are referred to as fibers n°1 to n°5. All five MOFs have been drawn from the same preform and draw-tower. The microstructure is made of a hexagonal pattern of eight rows of air holes and they are coated with a single layer of a mixture of acrylate and polyimide materials. A geometrical description is given in Table 1 where D is the diameter of the silica cladding, d is the diameter of the air holes, Λ is the distance between two air holes and D coating is the coating diameter; • Fiber n°6 is a solid silica fiber drawn from the same draw tower facility than the MOFs. Its external diameter is 125 µm and it has been coated with the same material mixture as the MOFs; • Fiber n°7 is a single mode optical fiber (SMF-28e TM ) produced by Corning® (USA). It is a dual acrylate CPC © coated fiber with a silica diameter of 125 µm.
Since all the studied MOFs and fiber n°6 have been produced in the same experimental conditions (same draw-tower and same preform), we can assume that the resulting defect distribution is similar. Moreover as all the fiber batches are tested under the same conditions, the comparison of the mechanical strength of fibers n°6 and n°7 will give information on the eventual imperfections introduced by our fabrication process. We will therefore be able to assess the influence of the microstructure when comparing mechanical strengths of fibers n°6 and n°4. Eventually the impact of the microstructure parameters can be assessed by comparing results of the different MOFs. 
Experimental procedures
The samples were subjected to two different loading configurations in a laboratory atmosphere (22°C and 36 % relative humidity). The first loading was applied by uniaxial tensile tests at a speed rate of 1 mm/min with a gauge length of 100 mm. The optical fibers were carefully mounted into the tensile machine on dedicated capstans in order to prevent sliding of the fiber during the test and damaging of the fiber surface. Samples which failed into the gripping capstans were not taken into account in the analysis. A minimum of 15 samples has been tested for each fiber batch. The tensile strength has been obtained by equation (4) 
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The Figure 2 shows the evolution of the failure strain with the external diameter of the fiber for the two loading geometries. The mean failure strain for the different types of optical fibers was derived from bending experiments as defined by equation (6) . We emphasize that these two loading configurations induce different strain and stress states in the MOFs. For the tensile load the complete gauge length is submitted to the same uniform stress whereas in bending the gauge length is much smaller (3 to 4 mm) and the applied stress son the fiber surface is not uniform. In bending the applied stress is indeed a function of position 16 . The position and size of the defects that induce a reduction in strength of the fiber are distributed in a stochastic manner. Hence the larger the specimen the greater the probability of encountering a defect from which failure will initiate. The mean failure strength of a material therefore depends on the volume of tested material. This is illustrated in Figure 2 : the failure strain is higher in the bending experiment than for the tensile test for all the investigated fibers. One can clearly see that the failure strain of the fibers measured from the tensile test decreases with the air hole and silica diameters, while it remains rather constant in bending. Figure 2 thus indicates that a decrease of the glass wall thickness that stems from the elongation during the tensile test induces a decrease of the failure strain. Excepted for the fibers with larger diameter the wall thickness has little influence on the bending strength. This emphasizes the impact of the microstructure parameters on the strength of the MOFs in tensile loading whereas in bending the failure strain is almost not modified by introducing a microstructure and by changing the parameters of this microstructure. [The numbers in the squares correspond to the fiber numbers referred to in Table 1 ].
RESULTS
Comparison of tensile and bending tests
We first compare fibers n°4, n°6 and n°7 as these samples have the same silica cladding diameter (125 µm). Figure 3 presents the Weibull diagrams of these three fibers for the tensile and the bending configurations, respectively. These plots clearly show that the mechanical strengths of the fibers differ with the loading geometry. First for the tensile tests, the strength reliability parameters derived from the Weibull analysis differ from one fiber to the other: the parameter m of fiber n°7 is twice that of fiber n°6 and three times as large as for fiber n°4. This implies that fiber n°7 has a narrower flaw distribution, which probably comes from the more established production process when compared with the plain silica fiber (n°6) produced in our facilities. Furthermore we notice that the MOF exhibits a wider defect distribution than the fiber produced on the same draw-tower (n°6). However the parameters σ 0 for the three fibers are all in the same order of magnitude (~ 4 GPa) demonstrating that they sustain an equivalent average strength. The plots of fibers n°6 and n°7 have been fitted by a linear regression, whereas the plot of fiber n°4 has been fitted with two segments of different slopes. This knee indicates that the failure of the MOF is due to at least two flaw populations while only one single defect population is involved in the solid silica fibers (n°6 and n°7) failure.
For the bending tests the three fibers return more similar values as shown in Figure 2(b) . First the Weibull plots of the three fibers follow a linear regression with values for the parameter m about ten times higher than for the ones computed from the tensile test results. This is consistent with the smaller gauge length used in the bending experiments, for which the probability to find a flaw is also smaller. The full set of results of the Weibull analyses is summarized in Table 2 . For all the MOFs that have been tensile tested the Weibull plots exhibit a knee that reveals the existence of an additional flaw population involved in the fiber failure while for fibers n°6 and n°7, the Weibull plots can be fitted with one single straight line. We assume that the first category of flaws (with Weibull parameters identified with the subscript '1') corresponds to surface defects with cracks initiated on the outer surface of the fiber. The second category of defects (identified with the subscript '2') stems from the inner microstructure, with cracks originating from the interfaces between the air holes and the surrounding silica. These assumptions are verified by a fractographic study of the ruptured surfaces of the tested samples (see section 5). This indicates that, for fibers with the same outer diameter, the microstructure is responsible for an eventual strength decrease of 30%. 
Water ageing of optical fibers
The optical fibers were stored in hot de-ionized water between 1 and 8 days before being tested in bending. Since the optical fibers are left floating in water without any stress being applied, one may expect that the de-ionized water enters in the air holes of the microstructure. This would however only happen over a few millimeters whereas the water will be able to reach the fiber silica essentially from the outside following diffusion through the polymer coating. Bending experiments were preferred to tensile tests because they require a much smaller length of fiber (maximum 8 cm per samples in bending compared to 100 cm in tensile tests). The data were then treated with Weibull statistics and the parameter σ 0 was derived for each type of fiber as a function of the ageing duration. The results are presented in Table 3 . For all the fibers the averaged strength decreases with the immersion time in water. However the commercially available fiber (n°7) is almost not affected by the ageing duration as its strength only decreases with 7% after 8-days of hygrothermal ageing (cf. Figure 4(a) ). For sake of comparison fiber n°6 suffers a strength decrease of 39% after 8-days in water, while the strength of fiber n°4 is reduced with 50% for the same ageing duration. This difference in strength 
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SEM observations of the samples tested in tensile loading
Observations of the end faces of broken samples allow understanding the failure mode of the optical fibers and distinguishing between the failure characteristics of the MOFs and the plain silica fibers. Figure 6 shows the two types of failure features encountered during the SEM analysis for MOFs tested in tensile loading. The typical fracture morphology of brittle materials is depicted in Figure 5 
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DISCUSSION AND CONCLUSION
We have studied and characterized the strength of different types of MOFs drawn from the same preform in two types of loading configurations. The results of uniaxial tensile tests and of bending experiments have been treated with Weibull statistics and the fractured samples have been examined by scanning electron microscopy. First we have evidenced and quantified the lower strength of MOFs compared to standard optical fibers in the case of tensile load. We have also shown that the strength of all optical fibers decreases with air hole diameter and external fiber diameter. The decrease in strength most likely stems from the air hole microstructure, which increases the number of potential crack initiation sites. This phenomenon has been confirmed by the Weibull diagrams; unlike standard optical fibers for which the Weibull curve can be fitted with a straight line, the MOF curves present a knee that is characteristic for two distinct defect populations initiating the failure. SEM inspections of the fractured end faces of the fibers allowed confirming the two different failure behaviors, i.e. MOF failures can originate both from the outer fiber surface and from within the microstructure. We have also evidenced that the strength of MOFs in bending is equivalent to that of standard optical fibers.
Hygrothermal ageing of fibers demonstrated that our MOFs suffer more from stress-corrosion than commercially available fibers. We measured a decrease of strength of 50 % for our MOFs, compared to only 7 % for the commercially available fiber. We attributed this decrease to the type of fiber coating. It can be due either to the large permeability of the acrylate/polyimide coating which allows the water to diffuse in the coating and reach the silica or to a low adhesion between the coating and the silica material.
Quantitatively speaking, the MOFs show a decrease in failure stress up to 70 % compared to standard silica fibers. Moreover, the strain at failure of MOFs and standard optical fibers of 125 µm is 4.15 % and 6.13 % in tension respectively and 6.89 % and 7.67 % in bending respectively. This decrease is far from catastrophic and hence we can conclude that MOFs are still valid candidates for strain sensing applications as well as for other applications in which much lower strain levels can be expected.
